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Available online 15 April 2013Abstract MiR-210 is a hypoxia-inducible factor (HIF)-1 target gene and is the most consistently and predominantly upregulated
miRNA in response to hypoxia in various cancer cell lines. Our recent study shows that hypoxia increased miR-210 expression in
neural progenitor cells (NPCs) in a time-dependentmanner. However, the role of miR-210 in NPCs remains unknown. Following the
identification of the miR-210 putative target genes, we demonstrated that the Bcl-2 adenovirus E1B 19 kDa-interacting protein 3
(BNIP3), which is regulated by HIF-1 and activates cell death, is regulated by miR-210 in NPCs under hypoxia. Moreover, the
over-expression of miR-210 decreased apoptosis in NPCs, and the inhibition of miR-210 expression remarkably increased the
number of TUNEL-positive NPCs by 30% in response to hypoxia. Importantly, miR-210mimics reduced both BNIP3 protein expression
and the translocation of AIF into the nucleus, which reduced cell death, whereas miR-210 inhibitors reversed this process, leading
to cell death during hypoxia. Taken together, we report a novel feedback loop of BNIP3 regulation in NPCs under hypoxia. HIF-1 is
activated under hypoxia and then induces the expression of both BNIP3 and miR-210. The upregulation of miR-210 then directly
suppresses BNIP3 expression to maintain the survival of NPCs under hypoxia. This negative feedback regulation might partially
contribute to protection against hypoxia-induced cell death via the inhibition of AIF nuclear translocation.
© 2013 Elsevier B.V. All rights reserved.Introduction
Hypoxia plays an important role in a variety of physiological and
pathophysiological processes. MiR-210 is a hypoxia-induced
miRNA and is currently regarded as the “master miRNA” of
the hypoxic response. miR-210 was found to be upregulated in
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http://dx.doi.org/10.1016/j.scr.2013.04.005date and has demonstrated the greatest increase in expression
compared to other hypoxia-induced miRNAs (Devlin et al.,
2011; Huang et al., 2010). Most studies pay extensive attention
to the upregulation of miR-210 in plasma, which could act as a
biomarker of various cancers (Hurwitz et al., 2012). Moreover,
the literature provides abundant evidence that hypoxia-
induced miR-210 is involved in the regulation of mitochondrial
metabolism, angiogenesis, DNA repair, and cell survival (Devlin
et al., 2011; Huang et al., 2010).
Our previous study showed that miR-210 was highly
expressed in neural precursor cells (NPCs) under hypoxic
conditions (Liu et al., 2011). To further understand the
role of miR-210 in NPCs, TargetScan was used to search
Figure 1 Hypoxia induces the expression of HIF-1α, miR-210 and BNIP3. (A) Hypoxia significantly increased miR-210 expression in
NPCs in a time-dependent manner. NPCs were exposed to 20% or 0.3% O2 for 1, 2 and 3 days, and then, samples were collected for real
time-PCR analysis. **P b 0.01 compared to the 20% O2 group on the same day. #P b 0.05 compared to the 0.3% O2 group on the 1st day.
(B) Hypoxia significantly increased the expression of HIF-1α mRNA on the 1st, 2nd and 3rd days in NPCs cultured in 0.3% O2 compared
to NPCs cultured in 20% O2. *P b 0.05 compared to the 20% O2 group on the same day. (C) Hypoxia caused a significant increase in the
expression of BNIP3 mRNA on the 1st, 2nd and 3rd days in NPCs cultured in 0.3% O2 compared to NPCs cultured in 20% O2. **P b 0.01
compared to the 20% O2 group on the same day. (D) Effects of hypoxia on protein expression of BNIP3 and HIF-1α were examined by
Western blot in NPCs cultured for 1, 2 and 3 days under 20% or 0.3% O2. HIF-1α expression was markedly increased in NPCs under
hypoxia compared to the controls, whereas the expression of BNIP3 in NPCs under hypoxia decreased in a time-dependent manner on
days 2 and 3 compared to day 1. (E) Quantitative analysis showed an increase in HIF-1α protein expression in NPCs after exposure to
hypoxia compared to the controls at the 1st, 2nd and 3rd days. (F) Quantitative analysis showed that BNIP3 protein expression
markedly increased in NPCs exposed to hypoxia compared to the controls. The expression of BNIP3 in NPCs under hypoxia was reduced
in a time-dependent manner at the 2nd and 3rd days compared to the expression at the 1st day. *P b 0.05 compared to the 20% group
at the 1st day. #P b 0.05 compared to the 0.3% group at the 1st day.
658 F. Wang et al.for miR-210 putative target genes. Based on conserved seed
sequences and the observed functional effects of miR-210
on NPC growth, we confirmed that caspase-8 associated
protein-2 (Casp8ap2), iron–sulfur scaffold protein (ISCU)
and brain-derived neurotrophic factor (BDNF) are potential
targets of miR-210 in NPCs under hypoxia (Supplementary
information, Fig. S1), which is consistent with previous
reports (Chen et al., 2010; Kim et al., 2009). Interestingly,we found that the Bcl-2 adenovirus E1B 19 kDa-interacting
protein 3 (BNIP3) is a potential target of miR-210 in the NPCs
under hypoxia.
BNIP3 was first identified using the adenovirus E1B-19K
protein as bait in a yeast two-hybrid screen (Zhang and Ney,
2009). The promoter of BNIP3 contains a functional hypoxia
response element (HRE), and its mRNA and protein expres-
sion are dramatically increased in multiple cell types in
Figure 2 BNIP3 is a target gene of miR-210 in NPCs.
(A) Computational studies showed a putative target site of
miR-210 in the 3′-UTR and the coding region of BNIP3 mRNA,
designated as site A and site B, respectively. Site A (121 to 135 nt)
and site B (505 to 511 nt) were identified as two potential seed
sequences for miR-210. (B) Dual reporter gene assays were
performed using pGL3 expression constructs. The BNIP3 coding
and 3′-UTR regions containing the seed sequences were inserted
downstream of the luciferase coding sequence. The activity of the
basic pGL3 construct was used as a baseline (pGL3-Promoter).
Co-transfection with miR-210 mimics resulted in a significant
reduction in relative luciferase activity when either site A or site
B was present in the constructs. Mutations in the seed sequences
(Mut A and Mut B) significantly restored reporter gene activity.
Expression of miR-210 alone had no effect on reporter gene activity
when no seed sequences were inserted. *P b 0.05 compared to the
NC group.
659miR-210 regulate BNIP3 expression in NPCsresponse to hypoxia (Bruick, 2000). Thus, BNIP3 is transcrip-
tionally regulated by the hypoxia inducible factor (HIF)
complex under hypoxic conditions. Increasing evidence
indicates that BNIP3 functions as a pro-apoptotic BH3-only
protein associated with the pathogenesis of many diseases,
including cancer and cardiovascular disease (Azad et al.,
2008; Vande Velde et al., 2000). Recent studies suggested
that BNIP3 may have a dual function in the myocardium,
where it regulates both mitochondrial turnover via autoph-
agy and cell death (Zhang and Ney, 2009). In the present
study, we report for the first time that miR-210 directly
regulates BNIP3 expression to reduce the hypoxia-induced
cell death of neural progenitor cells.
Materials and methods
Cells isolation and culture
Mesencephalic cells from embryonic day 13.5 (E13.5) SD rats
were mechanically dissociated and maintained in DMEM/F12
(1:1) medium with 2 mM L-glutamine, 5 IU of penicillin,
5 μg/ml streptomycin (BioWhittaker), 1% N2 (Life Technol-
ogies), 1% B27 (Life Technologies), 20 ng/ml epidermal
growth factor (EGF) (Sigma) and 20 ng/ml basic fibroblast
growth factor (bFGF) (R & D Systems, Minneapolis, MN) as
previously described (Liu et al., 2011; Zhao et al., 2008).
PC12 cells were maintained in RPMI 1640 with 10% FCS (Life
Technologies) and were incubated at 37 °C in a humidified
chamber supplemented with 5% CO2. All animal studies
were approved by the Institutional Animal Care and Use
Committee of the Institute of Basic Medical Sciences,
Beijing.
Hypoxic condition
For hypoxic cell culture, O2 Control Glove Boxes and Cabinets
(COYLAB, USA) were used in which oxygen concentration is
adjustable. The incubator chamber was flushed with air
containing 5% CO2 and balanced with N2. The oxygen
concentration inside the incubator was maintained at 0.3%
and was monitored with a microelectrode (Animus Corp.,
Malvern, PA). The time of hypoxia was calculated from the
measurement that showed the desired oxygen concentration.
RNA isolation and qPCR
Total RNA was isolated from NPCs using TRIzol (Invitrogen,
Carlsbad, CA, USA). Ambion's miRNA Isolation Kit (Ambion,
Austin, Texas, USA) was used to isolate small ncRNAs (b200 nt).
The experimental protocols that were used have been
described previously. The stem-loop reverse transcription PCR
(RT-PCR) technique was used to examine mature miR-210. The
stem-loop RT primer for miR-210 was designed as follows:
5′-CTCGTATGGAGTGCAGGGTCCGAGGTATTCGCACT CCATACGA
GTCAGCCGC-3′. Q-PCR was performed using the Quantitect
SYBR Green PCR Kit (Qiagen, Hilden, Germany) according to
the manufacturer's instructions. The StepOne Plus Real-Time
PCR System (Applied Biosystems, USA) and the supplied
analytical software were used. The PCR primers for mature
miR-210 were designed as follows: P1 5′-CTGTGCGTGTGACAGC-3′; P2 5′-GTGCAGGG TCCGAGGT-3′. U6 snRNA levels
were used for normalization. The PCR primers for U6 were
designed as follows: P1 5′-AACGCTTCACGAATTTGCG T-3′; P2
5′-CTC GCTTCGGCAGCACA-3′.
The random RT primer 5′-(dN)9-3′ (TaKaRa, Japan) was
used for the other genes. The PCR primers of the other genes
were designed according to their respective cDNA sequences
(GenBank) and are indicated as follows: HIF1α: 5′-CCGGCG
GCGAGAACGAGAAG-3′ and 5′-TCGCCGAGATCGTGCTGCAT-3′;
BNIP3: 5′-GTCGCAGAGCGGGGAGGAGA-3′ and 5′-TCTGGGAGC
GAGGTG GGCTG-3′; and β-actin: 5′-CCAGTTCGCCATGGAT
GAC-3′, 5′-ATGCCGGAGCCGTTGTC-3′. β-actin was used for
normalization.
Figure 3 MiR-210 suppresses the protein expression of BNIP3. (A) Western blot analysis shows a reduction in the expression level of
BNIP3 in NPCs transfected with miR-210 mimics in 20% and 0.3% O2. (B) The expression level of BNIP3 was induced in NPCs transfected
with miR-210 inhibitors in 0.3% O2 compared to the control group. (C) Western blot analysis shows that the expression levels of BNIP3
were reduced in PC12 cells after transfection with the miR-210 mimics in 20% and 0.3% O2. (D) The expression levels of BNIP3 were
induced in PC12 cells transfected with the miR-210 inhibitors in 20% and 0.3% O2 compared to the control group.
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The primary antibodies used were as follows: BNIP3 (mouse
monoclonal, 1:2000, Abcam), HIF-1 α (mouse monoclonal,
1:1000, Sigma), β-actin (mouse monoclonal,1:1000, Santa
Cruz), AIF (rabbit monoclonal, 1:500, Cell Signaling), Poly
(ADP-ribose) polymerase (PARP) (9542, 1:2000, Cell Signaling).
Horseradish peroxidase–labeled secondary antibodies were
from MBL, Inc. Western blotting was carried out as previously
described (Xiong et al., 2009).CCK-8 assay for cells survival
The NPCs were cultivated in 96-well plates (Costar) in 20% or
0.3% O2 for the specified amount of time after transfection
with either miR-210 mimics, miR-210 inhibitors or negative
controls. We then added 15 μl of Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, dilution at 1:10) into each well and
settled the culture cluster in a 37 °C incubation chamber for
4 h. The optical density (OD) was detected by a microplate
reader (Bio-rad, Model 550).
661miR-210 regulate BNIP3 expression in NPCsTerminal deoxynucleotidyl transferase-mediated
biotinylated dUTP nick end-labeling (TUNEL)
TUNEL staining was performed using the in situ cell death
detection kit (Roche). The cells were fixed with 4% parafor-
maldehyde and permeabilized in 0.1% Triton-100. The cells
were incubated in 0.1% sodium citrate, followed by the TUNEL
reaction mixture. The cells were then analyzed under a
fluorescence microscope. Reactions without terminal trans-
ferase were used as negative controls. The apoptotic index
was represented as the number of TUNEL-positive cells/total
number of cells (%).Immunocytochemistry
NPC cultures were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS; pH 7.4) for 30 min at 4 °C followed by 3×
PBS washes. The cells were permeabilized with 0.1% Triton
X-100 in PBS (PBST) for 20 min at RT. The cells were blocked
overnight at 4 °C with 5% normal goat serum (NGS) in PBST
and then incubated in PBST/2% NGS overnight at 4 °C with
the following primary antibodies: BNIP3 (mouse monoclonal,
1:2000, Abcam), AIF (rabbit monoclonal, 1:500, Cell Signaling).
The cells werewashed three timeswith PBS and incubatedwith
the following secondary antibodies in PBST for 2 h at 4 °C:
Alexa Fluor® 488 goat anti-mouse IgG (A11001, Life Technol-
ogies) or anti-rabbit IgG (A11008, Life Technologies). The cells
were washed 3 times with PBS and then counterstained withFigure 4 MiR-210 promotes NPCs survival under server hypoxia. (
significantly in the cells transfected with miR-210 inhibitors comp
decreased the viability of NPCs under hypoxia (0.3% O2). (C) Compa
significantly after the transfection of miR-210 mimics. (D) miR-210
cultured in 0.3% O2 from the 1st to the 3rd day. *P b 0.05, **P b 0.01
to the miR-210 inhibitors/mimics group at the 1st day.DAPI (F6057, Sigma-Aldrich) to label the nuclei. The cells were
observed with a LSM 700 confocal microscope (Zeiss).
siRNA
BNIP3 siRNA and nontargeting siRNA were obtained from
RiboBio (Guangzhou, China.) NPCs were transfected with
100 nM siRNA in Opti-MEM medium (Invitrogen, 11058-021)
without FBS using Lipofectamine 2000 (Invitrogen, 11668027)
according to the manufacturer's protocol. The siRNA sequences
and catalog numbers are described in Table S1.
Luciferase reporter constructs and site-directed
mutagenesis
The two seed sequences (121–135 of the coding area, with +1
being the first base of start codon; 505–511 of the 3′-UTR, with
+1 being the first base after the stop codon) of BNIP3 mRNA
with flanking sequences were amplified from genomic DNA
from the NPCs. Site A (+71 bp to +189 bp, with +1 being the
first base of the start codon) was prepared with primers
BNIP3-XbaI-P1 (5′-TCTAGAGCAGCGTTCCAGC TTCCGTC-3′) and
BNIP3-EcoRI-P2 (5′-GAATTCGCGAGGTGGGCTGTCACA GT-3′),
whereas site B (+461bp to +585bp) was prepared with
BNIP3-XbaI-P3 (5′-TCTAGAGGCCTCTTACTTTATGAATT-3′) and
BNIP3-PstI-P4 (5′-CTGCAGG CTGTCCACCATTACCTTGG-3′). PCR
products were cloned into pMD18-T and then subcloned into
pGL3-Promoter (Promega). The site A and site B sequencesA) The luciferase activity of miR-210-sensor plasmids increased
ared to the control group. (B) miR-210 inhibitor significantly
red to the control groups, miR-210 expression in NPCs increased
mimics resulted in a significant increase in the viability of NPCs
compared to the nc group at the same day. #P b 0.05 compared
Figure 5 Transfection with miR-210 inhibitor significantly increased cell apoptosis of NPCs under hypoxia, while over-expression of
miR-210 could enhance the anti-apoptosis ability of NPCs under severe hypoxia (0.3% O2). (A) Representative photos of Tunnel assay
in NPCs exposed to 20% O2 or 0.3% O2 for 3 days after transfection with miR-210 inhibitor or negative control. Tunnel-positive NPCs
(red); DAPI (blue). (B) The statistics analysis showed that in the group of control, the numbers of Tunnel-positive NPCs under 0.3% O2
increased by 5-fold compared with 20% O2, which indicated that the severe hypoxia could cause NPCs apoptosis. Furthermore,
compared with the control group, transfection of miR-210 inhibitor could significantly increase the number of Tunnel-positive NPCs
by 40% under 0.3% O2. (C) Representative photos of Tunnel assay in NPCs exposed to 20% O2 or 0.3% O2 for 3 days after transfection
with miR-210 mimics or negative control for 3 days. Tunnel-positive NPCs (red); DAPI (blue). (D) The statistic analysis showed that
compared with the control group, overexpression of miR-210 could significantly reduce the number of Tunnel-positive NPCs by 30%
under 0.3% O2. *P b 0.05 compared with 20% NC group.
662 F. Wang et al.were inserted in the 3′-UTR, which was downstream of the
luciferase coding sequence, and the resulting plasmids were
designated as pGL3-site A and pGL3-siteB, respectively.
The QuikChange Lightning Site-Directed Mutagenesis
Kit (Stratagene) was used for site-directed mutagenesis of
the seed sequence in site A (from CTATTGAATGATAAG to
CTGCTGGATGCGCAG, designated as pGL3-Mut A) and in site
B (from ACCCACA to AGCGCGG, designated as pGL3-Mut B).Dual reporter gene assay
NPCs were cultured in 24-well plates and transfected with
0.4 μg of the reporter constructs by using Lipofectamine 2000
(Invitrogen). The pRL-CMV plasmid (Promega) containing the
Renilla luciferase gene (0.02 μg) was cotransfected as internal
control. Cells were transfected with miR-210 mimics, inhibitor
and negative controls 12 h after plasmid transfection, collected24 h later, and the firefly and Renilla luciferase activities were
assayed on Luminometer TD-20/20 (Turner Design).
Statistical analysis
The SPSS 10 program was used for general statistical analysis.
Comparisons among groups were made with one-way ANOVA,
followed by unpaired Student's t-tests, accepting p b 0.05 as
significant.
Results
Hypoxia induces the expression of HIF-1α, miR-210
and BNIP3
Hypoxia has been shown to prevent HIF-1α ubiquitination and
degradation, leading to its dimerization with HIF-1β and the
Figure 6 BNIP3 knockdown reverse NPCs apoptosis induced by miR-210 inhibitor in 0.3% O2. (A) Transfected of BNIP3 siRNA in NPCs
caused a decrease in BNIP3 protein levels compared to control. Western blot analysis with BNIP3 and β-actin as the loading control
were performed following 20% O2 and 0.3% O2 for 3 days. (B) The statistic analysis showed that compared with the control group,
miR-210 inhibitor could significantly induce the number of Tunnel-positive NPCs by 30% under 0.3% O2, and BNIP3 siRNA could reverse
NPCs apoptosis induced by miR-210 inhibitor *P b 0.05 compared with 0.3% 210 inhibitor & NC siRNA group. (C) Representative photos
of Tunnel assay in NPCs exposed to 20% O2 and 0.3% O2 for 3 days after transfection with miR-210 inhibitor combined with BNIP3 siRNA
or control siRNA for 3 days. Tunnel-positive NPCs (red); DAPI (blue).
663miR-210 regulate BNIP3 expression in NPCsinduction of HIF-inducible genes (Semenza, 2001). MiR-210
and BNIP3 have been reported to be the target genes of HIF-1α
in a variety of tumor cells (Giatromanolaki et al., 2004; Huang
et al., 2009). To determine the relationship betweenmiR-210,
HIF-1α and BNIP3 during hypoxia, the expression of miR-210,
HIF-1α and BNIP3 were examined in NPCs subjected to 0.3%
oxygen over different time periods. As shown in Fig. 1A, NPCs
derived from SD rat mesencephalon were cultured under
0.3% or 20% O2 for 1, 2 and 3 days. The expression of mature
miR-210, HIF-1α and BNIP3 was thenmeasured using real-time
PCR. Low levels of miR-210 expression were measured in NPCs
maintained at 20% O2, but in NPCs maintained at 0.3% O2, the
expression ofmiR-210 increased over time. After cultivation in
0.3% O2 for 3 days, the total amount of miR-210 increased
remarkably by 25-fold compared to the control NPCs that were
cultured in 20% O2 (Fig. 1A). This result suggests that hypoxia
increased miR-210 expression in NPCs in a time-dependent
manner. We further confirmed that hypoxia leads to a
significant increase in HIF-1α and BNIP3 mRNA and protein
expression in NPCs cultured in 0.3% O2 for 1, 2 and 3 days
compared to the control cells that were cultured in 20% O2
(Figs. 1B, C and D). Compared to the untreated cells, BNIP3
protein levels increased 2.7-fold 1 day after hypoxia exposure
but then were reduced to 1.7- and 1.3-fold during days
2 and 3 (Fig. 1F). Thus, we were interested to investigate why
hypoxia-induced BNIP3 expression was suppressed in the NPCsthat were exposed to hypoxia for longer periods of time while
HIF-1α expression did not significantly change (Fig. 1E).BNIP3 is a target gene of miR-210 in NPCs
To investigate whether hypoxia-upregulated miR-210 was
involved in the regulation of BNIP3 expression in NPCs, the
585 nt coding region of BNIP3 mRNA (full-length 1535 nt,
coding sequence 127–709 nt) was analyzed using RNA22
(http://cbcsrv.watson.ibm.com/rna22.html). We identified
121 to 135 nt of the BNIP3 coding area as potential seed
sequences of miR-210 (Fig. 2A). A similar study was reported
by Tay et al. (2008). Analysis of 956 nt in the 3′-UTR of BNIP3
mRNA, which was performed using algorithms including
TargetScan, miRanda, pictar and miRtar, found no potential
seed sequences for miR-210. However, nucleotides in
positions 505 to 511 of the BNIP3 3′-UTR matched the
miRNA seed sequence (2–7 nt) with a single mismatch. To
demonstrate that miR-210 posttranscriptionally regulates
BNIP3 mRNA, luciferase reporter gene constructs that
contained the potential seed sequences of the BNIP3 coding
region (sites A) and 3′-UTR (sites B) were prepared. Constructs
in which the seed sequences were mutated were also
prepared. Co-expression ofmiR-210mimics showed significant
downregulation of luciferase reporter gene activity by 63.6%
664 F. Wang et al.and 50.7% in the pGL3–site A and pGL3–site B constructs,
respectively. Reporter constructs lacking site A and site B
sequences were not affected (Fig. 2B). Moreover, mutation of
the seed sequences significantly restored luciferase gene
activity. Hence, miR-210 directly inhibits the expression of
BNIP3 mRNA in NPCs.
MiR-210 suppresses the protein expression of BNIP3
We then determined whether miR-210 regulated BNIP3 protein
expression. BNIP3 protein expression was examined in NPCs in
which miR-210 was either overexpressed or downregulated.
The NPCs transfected with miR-210 mimics had a significant
decrease in BNIP3 protein expression compared to the controls
(transfected with mimic NC) in 20% and 0.3% O2 (Fig. 3A).
Similar to NPCs transfected with miR-210 mimics, whole cell
lysates from PC12 cells transfected with miR-210 mimics also
exhibited decreased BNIP3 protein compared to the untreated
controls (Fig. 3C). In contrast, both NPCs and PC12 cells
that were cultured in 0.3% O2 and transfected with miR-210
inhibitors had a robust increase in BNIP3 levels compared with
the control cells (Figs. 3B, D). These results suggest that BNIP3
is a target of miR-210 in NPCs.
MiR-210 promotes NPCs survival under server hypoxia
We next examined the role of miR-210 upregulation in NPCs
under hypoxia. MiR-210 inhibitors and mimics were used to
knockdown or overexpress, respectively to test its role in
NPCs. The luciferase activity of miR-210-sensor plasmids
increased significantly after the transfection with miR-210
inhibitors compared to the control group (Fig. 4A). The survival
of NPCs under severe hypoxia (0.3% O2) was significantly
decreased after miR-210 inhibition (Fig. 4B). Alternatively,
miR-210 expression increased significantly after the transfec-
tion of miR-210 mimics in NPCs compared to the control group
(Fig. 4C). Transfection of miR-210 mimics caused a significant
increase in NPC viability when NPCs were cultured in 0.3% O2
between days 1 and 3 (Fig. 4D), while the survival rate of NPCs
cultured in 20% O2 demonstrated no change. These results
indicate that hypoxia-induced miR-210 expression was able to
inhibit the NPCs death under 0.3% O2, and the reduction of the
miR-210 by miR-210 inhibitor could decrease server hypoxia-
induced cell survival.
Over-expression of miR-210 reduce the apoptosis of
NPCs under severe hypoxia
We further examined the cell apoptosis of NPCs exposed to
20% O2 or 0.3% O2 for 3 days after transfection with miR-210
inhibitor or negative control. The numbers of Tunnel-positive
NPCs under 0.3% O2 increased by 5-fold comparedwith 20% O2,
which indicated that severe hypoxia could cause the NPCs
apoptosis. Furthermore, compared with the untreated con-
trol, transfection of miR-210 inhibitor could significantly
increase the number of Tunnel-positive NPCs by 40% under
0.3% O2 (Figs. 5A and B). Moreover, over-expression ofmiR-210
by transfection with miR-210 mimics could significantly
reduce the number of Tunnel-positive NPCs by 30% under
0.3% O2 (Figs. 5C and D). These data suggest that hypoxia-induced miR-210 reduced the apoptosis of NPCs under server
hypoxia.
MiR-210 inhibits cell death and nuclear translocation
of apoptosis inducing factor (AIF) by suppressing
BNIP3 expression
To specifically knockdown BNIP3 in NPCs, we synthesized
BNIP3 siRNA. BNIP3 protein levels were significantly de-
creased in NPCs transfected with the BNIP3 siRNA compared
to NPCs transfected with control siRNA in 20% and 0.3% O2
(Fig. 6A). To determine whether BNIP3 was directly involved
in the anti-apoptosis pathway of miR-210 in NPCs under
hypoxia, we utilized BNIP3 siRNA after the downregulation of
miR-210 by inhibitor in NPCs. The results showed that BNIP3
siRNA could reverse NPCs apoptosis induced by miR-210
inhibitor in 0.3% O2, indicating that the protective effect of
miR-210 on NPCs in hypoxia is mediated by the regulation of
BNIP3 (Figs. 6B, C).
Previous studies have shown that hypoxia-induced BNIP3
stimulates NPCs death by promoting AIF translocation from
the mitochondria to the nucleus (Walls et al., 2009). To
determine the role of miR-210 in hypoxia-induced NPC death,
we transfected NPCs with miR-210 mimics or inhibitor, and
assessed AIF protein levels in nucleus by Western blot and
immunocytochemical analysis. Analysis showed that in 0.3% O2
NPCs transfected with miR-210 inhibitor had a significant
increase in AIF in the nuclear fraction compared to NC
(Figs. 7B, D). Cytoplasm fraction contained similar AIF levels
in both NC andmiR-210 inhibitor transfected cells. In contrast,
NPCs transfected with miR-210 mimics had a significant
decrease in AIF in the nuclear fraction compared to controls
(Figs. 7A, C). Under normal conditions, AIF is localized to
the mitochondria; however, previous studies have shown that
hypoxia induces AIF translocation from the mitochondria to
the nucleus to initiate cell death. Our results indicate that
miR-210 over-expression can inhibit AIF translocation into the
nucleus, and miR-210 suppression can reverse this process.
Discussion
The present study is the first to identify BNIP3 as a target of
miR-210. Although BNIP3 is transcriptionally regulated by
HIF-1 (Bruick, 2000), posttranscriptional control by miR-210
contributes significantly to BNIP3 regulation. Moreover, we
showed that hypoxia-induced upregulation of miR-210 plays
an anti-apoptotic role in NPCs via suppressing BNIP3-induced
translocation of AIF into nucleus. This anti-apoptotic effect
may contribute to NPC survival under severe hypoxia. And,
as both miR-210 and BNIP3 are key target genes of HIF-1, the
discovery of miR-210-BNIP3 contributes to the regulation
network of HIF-1 under hypoxia in NPC and other cell types,
which deserves further investigation.
MiR-210 is a target gene of HIF-1, and its promoter
region, immediately upstream of miR-210 stem-loop struc-
ture, contains functional hypoxia-responsive element (HRE)
(Huang et al., 2009). MiR-210 is the only miRNA consistently
upregulated in all published studies, in both normal and
transformed cells exposed to hypoxia (Biswas et al., 2010; Chen
et al., 2010; Cheng et al., 2005; Fasanaro et al., 2008; Gee et
al., 2010; Huang et al., 2009, 2010; Kim et al., 2009; Pulkkinen
665miR-210 regulate BNIP3 expression in NPCset al., 2008). Our previous work showed that miR-210 was
highly expressed in NPCs under hypoxic conditions. NPCs are
self-renewing and can differentiate into neurons, astrocytes or
oligodendrocytes in vitro, exist widely in the developing and
adult mammalian brain. Our previous studies showed that
hypoxia promoted the proliferation of NPCs in vitro and in vivo
(Zhao et al., 2008; Zhu et al., 2005). Therefore, upregulation
of miR-210 may be involved in hypoxia-induced proliferation
of NPCs.
A number of independent studies have identified diverse
functions of miR-210 involve in almost every aspect of hypoxia
related biology, such as angiogenesis, apoptosis, proliferation,
differentiation, cell cycle regulation, DNA damage repair,
mitochondrial metabolism and tumor growth. Cheng et al. first
described that blockade of miR-210 increased the apoptosis of
HeLa cells (Cheng et al., 2005). Most recently, studies showed
that miR-210 was induced in both brain and blood plasma of rat
middle cerebral artery occlusion (MCAO) model (Jeyaseelan et
al., 2008; Liu et al., 2010). Zeng et al. reported that miR-210
level in stroke patients with good outcome was significantly
higher than patients with poor outcome (Zeng et al., 2011).We
found that miR-210 mimics can reduce apoptosis of hypoxia
treated NPCs, whereas miR-210 inhibitor plays an opposite
role. These studies suggested that hypoxia-induced miR-210Figure 7 BNIP3 knockdown attenuates hypoxia-induced apoptosis
and NPCs with miR-210 mimics or inhibitor transfection were culture
fractionation. Western blot analysis for poly (ADP-ribose) polyme
(cytoplasmic marker), and AIF was performed. (A): NPCs with miR-2
AIF translocation from the mitochondria to the nucleus compared t
unchanged between control and miR-210 transfected cells. (B) NP
hypoxia-induced AIF translocation from the mitochondria to the nu
fraction remained unchanged between control and miR-210 transfec
miR-210 mimic transfection significantly attenuated hypoxia-induce
(D) NPCs with miR-210 inhibitor transfection significantly increased h
bar = 20 μm.may have cytoprotective effects on promoting the survival of
brain cells.
Identification of miRNA targets is the most important
aspect in understanding the mechanisms by which miRNAs
control cell behavior (Huang et al., 2010; Ivan et al., 2008).
Several genes have been identified as miR-210 target genes
including Casp8ap2, e2f3, ephrin-A3, neuronal pentraxin 1,
MNT, RAD52, AcvR1b, ISCU, COX10, and GPD1L (Chen et al.,
2010; Crosby et al., 2009; Fasanaro et al., 2008; Favaro et
al., 2010; Giannakakis et al., 2008; Kelly et al., 2011; Kim et
al., 2009; Mizuno et al., 2009; Pulkkinen et al., 2008; Zhang
et al., 2009). Here, we identified BNIP3 as one of the
miR-210 target genes in NPCs under hypoxia. Luciferase
reporter assays further proved that BNIP3 mRNA contains
two MREs (named as site A and site B) which can be
recognized by miR-210 (Fig. 2B). However, reporter assays
alone cannot confirm which MRE contributes to regulation
of the endogenous RNA, as reporter assays are sometimes
not well-correlated with in vivo regulation or even in vitro
regulation of the UTR in its “normal” context. Therefore, we
couldn't exclude other MREs which can be recognized by
miR-210, but existing computational algorithms cannot
predict. However, this does not affect our conclusion that
BNIP3 is a target gene of miR-210.inducting factor (AIF) translocation to the nucleus. Control NPCs
d in 20% and 0.3% for 3 days followed by nuclear and cytoplasm
rase (PARP) (nuclear marker), pyruvate dehydrogenase (PDH)
10 mimic transfection significantly attenuated hypoxia-induced
o control cells. AIF levels in the cytoplasmic fraction remained
Cs with miR-210 inhibitor transfection significantly increased
cleus compared to control cells. AIF levels in the cytoplasmic
ted cells. Confocal analysis for AIF was performed. (C) NPCs with
d AIF translocation. AIF (green), DAPI (blue), Scale bar = 20 μm.
ypoxia-induced AIF translocation. AIF (green), DAPI (blue), Scale
Figure 8 Model of miR-210 negatively regulation of BNIP3 under
hypoxia. HIF-1 is activated under hypoxia and then induces the
expression of both BNIP3 andmiR-210. The upregulation ofmiR-210
then directly suppresses BNIP3 expression to maintain the survival
of NPCs under hypoxia. This negatively feedback regulation might
partially contribute to protection against hypoxia-induced cell
death via the inhibition of AIF nuclear translocation.
666 F. Wang et al.Diverse roles of miR-210 have been reported through
different target genes (Chen et al., 2010; Fasanaro et al.,
2008; Favaro et al., 2010; Kelly et al., 2011; Mizuno et al.,
2009). Kim reported that ischemic preconditioning-induced
induction of miR-210 suppressed apoptosis of mesenchymal
stem cells by targeting caspase-8 associated protein 2
(Casp8ap2) (Kim et al., 2009). However, inhibition of Casp8ap2
by siRNA cannot eliminate all the impact of hypoxia on
apoptosis of mesenchymal stem cells. Thus the roles of
miR-210 in hypoxia-induced cell death of NPCs and other
nerve cell still need to be elucidated. Our study identified
BNIP3 as a new posttranscriptional target of miR-210 in NPCs.
Bnip3 is a pro-apoptotic BH3-only protein associated with the
pathogenesis of many diseases, including cancer and cardio-
vascular disease. Studies over the past decade have provided
insight into how Bnip3 induces mitochondrial dysfunction and
subsequent cell death. Most recently, reports showed that
BNIP3 regulates DFO-induced caspase-independent NPC death
by affecting the translocation of AIF from the mitochondria to
the nucleus (Walls et al., 2009). In this study, by targeting
BNIP3 shRNA can promote survival of NPCs by repressing the
expression of BNIP3 which suppresses the translocation of AIF.
Their experimental results support ours, that HIF1-induced
miR-210 can direct target BNIP3 mRNA and protect NPCs from
cell death.
It seems to be contradictory that hypoxia-induced HIF-1α
promotes the expression of miR-210 and BNIP3 simultaneously.
But it is reasonable as Bnip3 has dual roles: on the one hand,
BNIP3 can promote mitochondrial autophagy, reduce the
production of ROS and promote cell survival; on the other
hand, BNIP3 can induce the translocation of AIF and lead to cell
death. Under hypoxia condition, HIF1 induces BNIP3 level to
promote mitochondrial autophagy, and simultaneously, BNIP3
was suppressed by miR-210. This is the mechanism to maintain
the balance of BNIP3 level, which may promote the survival of
NPCs under hypoxia condition.In summary, we report a novel feedback loop of BNIP3
regulation in NPCs under hypoxia (Fig. 8). HIF-1 is activated
under hypoxia and then induces the expression of both BNIP3
and miR-210. The upregulation of miR-210 directly suppresses
BNIP3 expression to maintain the cell survival under hypoxia.
We also demonstrated that miR-210 overexpression can inhibit
AIF translocation into the nucleus and thatmiR-210 suppression
can reverse this process (Fig. 7). Thus, these observations
suggest that miR-210 directly suppresses BNIP3 expression, and
this suppression might partially contribute to the protection
against hypoxia-induced cell death via the inhibition of AIF
nucleus translocation. However, the extent of this contribution
requires further investigation.
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